Fitness Effects of the Overexpression of E. coli Ribosomal Regulatory Proteins by Perryman, Matthew
Persistent link: http://hdl.handle.net/2345/bc-ir:107395
This work is posted on eScholarship@BC,
Boston College University Libraries.
Boston College Electronic Thesis or Dissertation, 2017
Copyright is held by the author, with all rights reserved, unless otherwise noted.
Fitness Eﬀects of the Overexpression of
E. coli Ribosomal Regulatory Proteins:
Author: Matthew Perryman
Perryman 1 
Fitness Effects of the Overexpression of ​E. coli​ Ribosomal Regulatory Proteins 
Matthew K. Perryman, Betty L. Slinger, Michelle M. Meyer 
 
Abstract 
  
      ​Prokaryotic ribosomes are key to cell viability and an important area of study in model 
bacterial organisms.  Some ribosomal proteins negatively regulate their own synthesis and that 
of the polycistronic operons they occur within.  If levels of an autoregulatory ribosomal protein 
are higher than necessary for normal ribosome assembly, it binds to the 5’-untranslated region 
of its own mRNA transcript, preventing further translation of itself and any other proteins on its 
operon.  We and others have shown bacteria growth defects when overexpressing ribosomal 
proteins (e.g. L20 and S6:S18); therefore, we hypothesized that an overabundance of 
autoregulatory proteins would negatively affect cell fitness due to decreased expression of the 
operon gene products, many of which are essential components of the ribosome. The regulation 
of ribosomal proteins is best described in ​E. coli​, so we decided to use it as a model organism to 
investigate how overexpression of specific ribosomal proteins would affect cell growth.  
We examined the effects of overexpressing ribosomal proteins S15, S20, S2, S6:S18, 
S8, L20, L10, S1, L25, L7 and L1 on cell growth. We find the most severe growth defect in 
response to L20 overexpression. We performed rescue experiments for L20, L10, and S6:S18 
by synthetically overexpressing the entire operon rather than just the regulatory protein. We find 
that this rescues the fitness of S6:S18 overexpression slightly, and L20 and L10 overexpression 
to a high degree. We also examined whether homologs of L20, L10, and S7 from ​B. subtilis ​and 
T. thermophilus ​induce the same changes in growth to deduce the regulatory interrelationships 
between different bacterial phyla. ​Bacillus ​L20 and L10 overexpression both showed drastic 
fitness defects. As our arsenal of effective antibiotics dwindles, our results suggest that targeting 
the ribosomal protein operons may be an effective area for pharmaceutical development. 
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Background 
Ribosomal Proteins as Autogenous Regulators 
The central dogma as discovered by Francis Crick in 1956 quickly became, and still 
remains, one of the central hubs of biological investigation. This simple flow of information from 
DNA to RNA to protein allows for incredible amounts of diversity in the control of biological 
growth and the underlying regulatory mechanisms. Ribosomes, the cell’s translational 
machinery, are composed of both RNA and protein components. Efficient and tight regulation of 
such a large cellular component must be important for cell energy conservation, leading 
researchers to start investigating the regulation of ribosomal protein (r-protein) synthesis in the 
1970s. Multiple competing hypotheses were tested. Masayasu Nomura, an early pioneer in 
ribosomal research, was one of the first to publish evidence that ribosome production in the 
Gammaproteobacterial species ​Escherichia coli​ is actually controlled on the translational level 
via an intricate autoregulatory feedback mechanism where an overabundance of ribosomal 
protein “feeds back” to inhibit its own production (Nomura et al. 1980). Nomura found structural 
homology between the rRNA binding sites for r-proteins S7 and L4 and their respective mRNA 
target sites which would seemingly allow for this dual behavior.  
The notion of ribosomal proteins being organized into operons, sets of multiple proteins 
controlled by one repressor or activator, was not proposed until two years later when Nomura 
and Jinks-Robertson showed that r-protein S4 regulated the synthesis of the ​E. coli ​alpha 
operon: S13, S11, S4, and L17 (Jinks-Robertson and Nomura 1982). Monoploid mutant S4 
strains were unable to control the synthesis of any alpha operon proteins. Regulation, however, 
was partially recovered in diploid and, to a greater extent, triploid strains, suggesting that S4 
acts as a trans-regulator. Nomura and Mattheakis later showed that this poly-cistronic control 
works through translational coupling, where inhibiting translation of one cistron subsequently 
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inhibits translation of all other downstream cistrons (Mattheakis and Nomura 1988). Working 
with the S8 operon in ​E. coli​, they found overproduction of the autoregulatory protein S8 to slow 
translation of any distal cistron by a factor of three. Logically this inhibition could cause fitness 
defects if any of the downstream proteins were needed at the time of regulation. 
By the late 1980s it was widely understood that r-proteins are organized into operons 
with one autoregulatory protein that can inhibit translation whenever the quantity of 
aforementioned r-protein exceeds the amount needed for protein synthesis, as shown in the 
Figure 1 below. Thus, r-protein production is intricately linked to the ribosome’s function as a 
protein producer and machine of cellular growth; the ratio of ribosome-bound r-protein to free 
r-protein heavily influences if the cell prepares for continued growth or, on the other hand, 
potential starvation.  
 
Figure 1. R-protein autogenous regulation​. R-proteins typically assemble, along with ribosomal RNA, to form the 
prokaryotic ribosome and translate mRNA into protein. When autoregulatory r-proteins are in excess, however, they 
can bind the 5’ UTR of their own mRNA to prevent further translation of any proteins on the operon and thus 
conserve energy. 
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R-Protein Regulation Mechanisms 
Nomura’s reported homology between the ribosomal binding sites and mRNA target 
sites for S7 and L4 leads to the conclusion that autogenous regulation uses a form of molecular 
mimicry where the mRNA target site has evolved to “mimic” the rRNA binding site. This form of 
control makes intuitive sense and has been validated for other autoregulatory r-proteins like 
L20, S8, and L10-(L12)​4​, which is actually an r-protein regulatory complex (Guiller et al. 2005, 
Babitzke et al. 2009). As they function similarly to enzymatic competitive inhibitors, regulation 
can be alleviated upon the addition of more target mRNA or binding site rRNA. Johnsen and 
colleagues demonstrated this with the L10-(L12)​4​complex and the 23S rRNA L10 binds to 
during ribosomal assembly; inhibition was relieved when excess 23S rRNA was added 
(Johnsen et al. 1982).  
While many r-proteins exhibit some form of molecularly mimicry, the specific ways in 
which the different r-proteins bind their respective mRNA and rRNA targets vary wildly or have 
yet to be discovered. ​E. coli ​r-protein​ ​L20 actually has two mRNA target sites: a stem loop and a 
pseudoknot. Both sites mimic the 23S rRNA that L20 binds to during ribosomal assembly, but 
cannot be bound simultaneously (Allemand et al. 2007). The binding mechanism underlying 
regulation remains unclear, as is the case for the L10-(L12)​4 ​complex and S8 (Babitzke et al. 
2009). Some r-proteins’ binding sites, like S4 from ​E. coli​, occlude the Shine-Delgarno 
sequence and translation initiation region (Zengel and Lindahl 1994).  
Other r-proteins inhibit translation via “entrapping” the mRNA-ribosome complex in an 
inactive form. As aforementioned, the alpha operon in ​E. coli ​is regulated by the r-protein S4. 
Alpha operon mRNA has two forms, active and inactive, that can both bind the ribosome even 
though the inactive form does not allow for translation. S4 acts as an allosteric effector by 
stabilizing the inactive form of the mRNA transcript which effectively halts translation, even 
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though the 30S ribosomal subunit can still bind its mRNA (Schlax et al. 2001). S15 acts through 
a similar mechanism, and its mRNA and rRNA binding sites likewise share little homology 
(Zengel and Lindahl 1994, Slinger 2016).  
 
The E. coli R-Protein Regulatory Network 
Recent research on ​E. coli ​has suggested that there are at least thirteen operons with 
r-protein regulators, with the dimer of r-proteins S6 and S18 and the single cistron of L25 most 
recently validated ​in vivo​ (Babina et al. 2015, Aseev et al. 2015). Figure 2 below, modified from 
Fu et al. (2013), illustrates the organizational structure of this network. Notably, some of the 
operons include a mixture of r-proteins and other translatory machinery, which suggests, yet 
again, the close connection between r-protein production and protein translation. Many 
r-proteins are considered “essential” to cell viability, meaning that a knock-out strain, a strain 
with the gene in question deleted, will be unable to survive or infertile. “Non-essential” refers to 
proteins which yield knock-out strains that can survive and reproduce. The multitude of essential 
proteins included in these operons shows the importance of possessing a functional regulatory 
network.  
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Figure 2. The ​E. coli ​r-protein regulatory network​. Image credit: Fu et al. 2013. Autoregulatory r-proteins are 
bolded. *infC is likely not regulated by L20 autoregulation.  
 
E. coli Ribosomal Assembly 
Theoretically, essential r-proteins ought to perform indispensable tasks during protein 
translation. Contrary to intuition, there is seemingly no correlation between proteins first 
recruited to the ribosome during assembly and essentiality of aforesaid proteins (Shajani, Sykes 
& Williamson 2011). Regardless, ribosomal self-assembly is an important process to understand 
as improper assembly can lead to dysfunctional ribosomes and, consequently, a variety of 
human diseases (Freed et al. 2010). The ribosome is composed of two subunits, 30S and 50S, 
that perform two different functions and assemble to form the 70S ribosome. The 30S subunit 
binds the mRNA transcript to be translated and the 50S subunit catalyzes the formation of the 
peptide bond between amino acids. Each subunit is a complex of r-protein and rRNA, with the 
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30S subunit containing r-proteins S1-S21 (21 total r-proteins) and a 16S rRNA, and the 50S 
subunit containing r-proteins L1-L36 (33 r-proteins total) and two rRNAs, 23S and 5S. Perhaps 
shocking to some, the ribosome is actually a ribozyme; all of the catalytic function is derived 
from the rRNA components; the r-proteins function like a scaffold, holding the rRNA in place, 
stabilizing the ribosomal complex (Nissen et al.  2000).  
Figure 3. ​E. coli ​ribosomal assembly map for both 30S (left) and 50S (right) subunits​. Image credit: Shajani et 
al. 2011.  
 
Unsurprisingly, Masayasu Nomura was one of the first to investigate ribosomal 
self-assembly and created a graphic to depict the self-assembly process for the 30S subunit. 
There are three layers of structure to 30S subunit assembly: primary rRNA binding proteins, 
secondary binding proteins and tertiary binding proteins (Figure 3: Traub & Nomura 1968). The 
latter two categories of protein require at least one r-protein bound to the naked rRNA before 
they themselves can bind (Traub & Nomura 1968). Nomura’s map is based solely on 
thermodynamic tendencies, and it has since been found that the actual self-assembly process 
can proceed through multiple parallel pathways (Bunner, Beck & Williamson 2010). This seems 
the logical reason for why primary binding proteins like S15 are not necessarily essential: 
perhaps some r-proteins perform similar functional tasks during assembly and thus become 
somewhat dispensable. Regardless of essentiality, however, almost all ∆r-protein strains are 
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less fit than their respective wild-type strains, even though assembly itself is sometimes 
unimpeded (Shajani, Sykes, & Williamson, 2011).  
 
Evolutionary Distribution of R-Protein/mRNA Self-Regulator Complexes 
As ribosomal proteins and their operons are fairly well conserved across a variety of 
different bacterial phyla, it seems likely that some of the regulatory mechanisms would be 
conserved as well (Yutin et al. 2012, Coenye and Vandamme 2005). Although research in 
Gram-positive bacterial species is limited thus far, this hypothesis, however, has not been 
confirmed empirically, and, surprisingly, there is more evidence to support the contrary 
hypothesis. While the concept of autoregulation is widely distributed, the specific autoregulatory 
structures that form (the mRNA/r-protein complexes) are narrowly distributed, with the 
potentially homologous mRNA structures showing little to no actual homology (Fu et al. 2013, 
Burge et al. 2013). To be more specific, the Firmicute bacterial species ​Bacillus subtilis​ has an 
operon with r-protein L20 as the autoregulator, like ​E. coli​, but these two regulatory mRNAs do 
not appear homologous (Burge et al. 2013). Interestingly, ​B. subtilis ​L20 does not even regulate 
at the translational level, but instead at the transcriptional level via attenuation, even though the 
C-terminal ends of the two homologous proteins control the regulation in both species through a 
similar form of molecular mimicry, where the protein binds to a region mimicking the structure of 
the 23S rRNA (Guillier et al. 2002, Guillier et al. 2005, Choonee et al. 2007). In ​E. coli, ​the 
N-terminal domain, while essential for stable ribosomal assembly, is dispensable for 
autoregulation, and it seems reasonable to assume the same for ​B. subtilis ​transcriptional 
regulation (Guillier et al. 2005). This striking difference in control mechanism, despite the 
conserved C-terminal domain, is widely conserved amongst all Firmicutes, and suggests that ​B. 
subtilis ​L20 autoregulation and ​E. coli ​autoregulation are only related by their end effect on 
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functionality (Deiorio-Haggar et al. 2013). Additionally, ​B. subtilis ​L20 regulates the production of 
infC ​operon protein IF3, while ​E. coli ​L20 does not, despite including it in the operon (Choonee 
et al. 2007, Guillier et al. 2002). 
By looking at structural homology, Fu et al. (2013) determined that only three of the ten 
r-protein autoregulators investigated were conserved outside of Gammaproteobacteria (L1, S2, 
and L10-(L12)​4​) while the other seven (S4, S1, S7, S8, S15, L20 and L4) were narrowly 
distributed to only five orders of Gammaproteobacteria (Fu et al. 2013). Like L20, ​B. subtilis 
L10-(L12)​4 ​autoregulation occurs via a transcriptional attenuation mechanism in which the 
anti-antiterminator structure is inhibited via L10-(L12)​4 ​binding, allowing for transcription 
termination and regulation, unlike in ​E. coli​ where regulation operates on the translational level 
(Yakhnin et al. 2015). In stark contrast to other r-protein regulatory mechanisms, Yahknin et. al. 
found that L10-(L12)​4 ​has an additional regulatory mechanism to prevent Rho-dependent 
transcriptional regulation via the translation of a 5’ leader peptide, which prevents Rho access, 
thereby inhibiting Rho-dependent regulation (Yakhnin et al. 2015). This dual regulatory system 
is well-conserved amongst many ​Bacillus ​species but is not shared amongst other orders of 
bacteria (Yahknin et al. 2015). There are, however, some ​Bacillus ​species autoregulators that 
operate on the translational level like most ​E. coli ​autoregulators, S15 and S4 being two 
examples (Scott and Williamson 2005, Grundy and Henkin 1991). ​B. subtilis ​S4, however, does 
not regulate the same proteins as ​E. coli ​S4, and the RNA regulatory itself shares little to no 
homology with that from ​E. coli​, which suggests that while both operate on the translational 
level, the mechanistic similarity may be coincidental and not evolutionarily driven (Grundy and 
Henkin, 1991). ​This again suggests that r-protein regulatory mechanisms are more varied than 
similar amongst different bacterial phyla. 
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Central Line of Questioning 
This work intends to investigate the fitness effects of artificial r-protein autoregulation, via 
plasmid based overexpression in ​E. coli​. All ​E. coli ​autoregulatory r-proteins will be tested to 
compare the fitness effects of overexpression in each case. The goal is to discern whether the 
number of essential proteins included in the operon regulated by the overexpressed r-protein 
correlates with the extent of the fitness defect. Multiple different measures will then be taken to 
attempt to illuminate the cause of the potential fitness effects - are they due to the 
overexpression? As our supply of effective antibiotics dwindles, this research could lay the 
background work for a variety of novel antibiotic targets.  
After thoroughly investigating the fitness effects of overexpression of ​E. coli 
autoregulatory r-proteins, ​Bacillus subtilis ​and ​Thermus thermophilus ​r-protein homologs will be 
overexpressed in ​E. coli ​in order to compare the fitness effects of overexpression. This will 
contribute to the growing body of research devoted to parsing the evolutionary distribution 
between autoregulatory r-protein/RNA complexes. 
 
Summary of Results 
We find that overexpression is correlated with fitness defects of varying magnitudes, 
ranging from no defect (S15) to growth nearly four times slower than the respective 
un-expressed culture (L20). The magnitude of the defect, however, only showed a loose 
correlation with the number of essential proteins on the operon. More research is needed in 
order to elucidate the reason for the varying magnitude of the defect. Mutant S6:S18 r-protein 
variants were then tested to compare the fitness defects of overexpression to the wild-type 
variant. After observing a noticeable lessening of the magnitude of the defect, wild-type S6:S18 
and S6 RNA binding mutant R63A were overexpressed alongside the S6 RNA they bind. This 
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experiment yielded evidence that the autoregulation could be causing the fitness defect, as the 
addition of S6 RNA partially rescued the fitness defect associated with wild-type S6:S18 
overexpression. Overexpression of the full L10 and L20 operons also significantly rescued the 
growth defect. 
To investigate the evolutionary relationships between phyla, ​T. thermophilus ​and ​B. 
subtilis ​L20, L10, and S7 homologs were then tested. ​B. subtilis ​L20 and L10 overexpression 
was correlated with a more severe growth defect than their respective ​E. coli ​homologs, 
suggesting that regulation persisted despite the inter-phyla differences. ​T. thermophilus 
homologs were only correlated with slight-moderate growth defects, which suggests that ​B. 
subtilis ​autoregulatory r-protein/RNA complexes may be more closely related then ​Thermus 
variants to their ​E. coli ​variants. More research is needed to confirm this understanding. 
 
Not All Autoregulatory R-Proteins are Created Equal 
Results 
All ​E. coli ​autoregulatory r-proteins were cloned into an L-arabinose-induced pBAD33 
plasmid, transformed into ​E. coli ​NCM534 cells, and used to assay the effects of the 
overexpression on growth rate (See Materials and Methods for further elaboration). An empty 
pBAD33 vector was tested as a control. All overexpressed, plus L-arabinose, cultures were 
tested and compared to their unexpressed, minus L-arabinose, correlates. To compare the 
fitness effects between different r-proteins, the doubling times for each set of cultures were first 
averaged and then standardized with respect to the unexpressed correlate using the following 
formula: 
tandardized Doubling T ime S =  Un−expressed Doubling T ime
Overexpressed Doubling T ime  
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Percent Max OD​600​ compares the peak OD​600​ of the overexpressed culture to the peak OD​600​ of 
unexpressed culture using the following formula: 
ercent Max OD   x 100%P 600 =  Peak OD  of  Un−expressed Culture600
Peak OD  of  Overexpressed Culture600  
L20 and S1 were both slow enough to require a larger inoculation (see Materials and 
Methods), thus masking the the increased lag phase of each, and aside from L4, S8, S15, and 
S6:S18, all assays were performed in triplicate. The results were split into two cohorts, 
categorized based on their growth rate: fast growers and slow growers. The results are shown 
in Figure 4 (A and B respectively). The empty vector grew similarly in both plus L-arabinose and 
minus L-arabinose conditions (Figure 4).
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The range of the fitness defect varied sizably between r-protein autoregulators, 
stretching from approximately no defect (S15, S2) to nearly 4 times slower than the respective 
un-expressed culture (L20). It was hypothesized that the more essential proteins included in the 
operon, and therefore not produced when autoregulation occurs, would correlate with the extent 
of the fitness defect. This is plotted in Figure 2C. There is a positive correlation, but it is only 
slight (0.107). L20 and L10, the two proteins that yield the most significant defect when 
overexpressed, only include a limited number of essential proteins within their operons. L20, 
furthermore, only regulates L35 production. ​InfC​, which encodes protein IF3, self-regulates, as 
mentioned previously in the introduction. S6:S18, S4, L20, and S1 all exhibit extended lag 
periods when overexpressed in addition to their slow growth rates.  
To view specific trials, please see the attached appendix, which includes all ODs and the 
doubling times for each culture used. 
 
Discussion 
These results yield confirmation that artificially overexpressing r-proteins ​en vivo ​results 
in fitness defects. The results for L1, S15, L25, and S20 seem reasonable based on the model 
presented. S15, S20, and L25 only regulate their own production, and L1 only regulates 
r-protein L11 in addition to itself. Overexpression should not affect the cell’s growth in these 
cases as S15, S20, and L25 will all already be in overabundance due to the artificial 
overexpression, and L1 autoregulation will only affect the production of L11, which has been 
shown to be non-essential for ​E. coli ​growth. More investigation is still required to determine the 
reason for these results. S1 provides particularly interesting results as it also only regulates its 
own production but still yields sizable fitness defects when overexpressed (approximately 2.5 
Perryman 14 
times slower than the un-expressed correlates). This could be due to a necessary stoichiometric 
balance between r-protein levels, but, yet again, more experimentation is needed. 
S4, S8, L4, and S7 yield expected results based on the model, each including a large 
number of essential proteins on their operons and resulting in significant growth defects, ranging 
from around two times (S4) to three times (S7) slower than the unexpressed correlate. As 
touched upon in the Results section, L20 and L10 both provide uniquely detrimental fitness 
effects when overexpressed, despite only including limited numbers of essential proteins on 
their operons. This makes both particularly interesting proteins to investigate further in order to 
better assess the potential causes of this defect. 
S6:S18, S4, L20, and S1 overexpression all resulted in extended lag periods (Lag phase 
is not shown in data for L20 and S1 a larger inoculation was used for the assays, see Materials 
and Methods for more detail). S6:S18 and S4 are the two fastest growers of the four based on 
standardized doubling time, with doubling times of approximately two times slower than the 
un-expressed correlates. L20 is drastically slower in comparison while S1 is somewhat slower 
(See Figure 4B). S8, L10, S7, and L4 were all slower than both S4 and S6:S18, despite not 
exhibiting the lengthy lag phase. More experimentation is necessary to determine the reason for 
these lag phases; it is, however, significantly rescued by the expression of L9 in tandem with 
S6:S18 (See Figure 6A). 
As a whole, artificially overexpressing autoregulator r-proteins that regulate other 
proteins besides themselves resulted in a fitness defect of variable intensity. This defect, 
however, was only slightly correlated with the number of essential genes on the operon. The 
three slowest growing proteins (L20, L10, and S7) have been chosen for interphyla 
investigation, discussed in a later section of the Results. L20, L10, and S6:S18 were chosen to 
look further into the nature of the growth defect. 
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Mutations to S6:S18 and Co-expression with its S6 mRNA Partially Rescue Fitness Defect 
Results 
The wild-type S6:S18 protein dimer was then compared to different mutant variants, 
including S6 protein alone, an S6:S18 complex/S6 mRNA-binding mutant (S6:S18 R63A in 
Figure 5A), an S6:S18 dimerization mutant (S6:S18 R44A in Figure 5A), to determine if the 
fitness effects could be correlated with the extent of regulation. All S6:S18 variants contained 
the gene in between S6 and S18, ​priB​. The S6 mRNA-binding mutant has the 63rd residue of 
S18 mutated from arginine to alanine, decreasing S6:S18 complex-S6 mRNA affinity, resulting 
in less regulatory functionality (Babina et al. 2015). Similarly, the dimerization mutant has the 
44th residue of S6 mutated from arginine to alanine, decreasing S6:S18 complex affinity, 
resulting in less regulatory functionality (Babina et al. 2015). The methodology and measures 
were the same as before except only two trials were performed for each culture. 
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Overexpression of wild-type S6:S18 results in a sizable fitness defect. The 
overexpressed cells grew, on average, twice as slow as the un-expressed correlates and had a 
significantly longer lag phase (approximately 10 hours versus 2.5 hours). The mutant variants 
correlated with less severe fitness defects. S6 protein, by itself, was moderately faster than 
wild-type S6:S18 and did not share the lengthy lag phase. The dimerization mutant (S6:S18 
R44A) grew only slightly faster than wild-type S6:S18, but it also did not share the lengthy lag 
phase. The S6:S18 complex/S6 mRNA-binding mutant shared this lag phase but grew 
significantly faster than wild-type.  
To confirm that the fitness defect was is due to the formation of the S6:S18/S6 mRNA 
complex, ​E. coli ​NCM534 cells were co-transformed with pBAD33 containing either S6:S18 wild 
type or S6:S18 R63A, and one of two separate IPTG-inducible, S6 mRNA containing plasmids 
that were always induced (wild-type and M4 in Figure 5B). M4 is mutant S6 mRNA that has 
been previously shown to decrease the affinity of the S6:S18 complex/S6 mRNA interaction 
(Babina et al. 2015). Artificial wild-type S6 RNA would compete with endogenous S6 RNA for 
S6:S18 binding, lessening the severity of the fitness defect if the defect was due to S6:S18/S6 
mRNA complex formation. The same measures were used to compare the cultures, and all 
co-transformed variants were performed in duplicate. 
Overexpression of the wild-type S6 mRNA in tandem with the wild-type S6:S18 protein 
complex lessened the severity of the fitness defect, as hypothesized. The standardized doubling 
time decreased significantly (1.94 to 1.43), but, however, the lag phase remained relatively 
unchanged (approximately 10 hours versus 8 hours). Overexpressing the mutant S6 mRNA did 
not seem to alter the fitness defect whatsoever (1.94 versus 2.12). Overexpression of both 
variants of the S6 mRNA did not affect the fitness of the S6:S18 complex/S6 mRNA-binding 
mutant. The standardized doubling times and lag phase remained fairly consistent (Figure 5B). 
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Discussion 
For the S6:S18 operon, the extent of the auto-regulation correlated with the extent of the 
fitness defect (See Figure 5A). This is unsurprising, as S6:S18 includes r-protein L9 in its 
operon. If S6:S18 is artificially overexpressed and auto-regulates, L9 will be underproduced and 
at a deficit, theoretically inhibiting ribosome function. The mutant variants did not share the 
same magnitude fitness defect, potentially due to the lack of autoregulation. This yields 
evidence that the fitness defects seen in Figure 4 were possibly due to autoregulation. 
Overexpressing wild-type S6 mRNA in tandem with wild-type S6:S18 protein partially 
rescued the fitness defect (See Figure 5B). Theoretically, the artificially overexpressed S6 
mRNA would compete with the naturally produced transcript for S6:S18 complex binding, 
lessening the extent of the regulation. Mutant M4 S6 mRNA, on the other hand, cannot bind the 
S6:S18 complex well, and should not affect regulation or the fitness defect, producing results 
similar to those of Figure 5B. The S6:S18 complex/S6 mRNA binding mutant produced similar 
results to those in Figure 5A regardless of which S6 RNA was produced, possibly due to the 
lack of interaction between S6 mRNA and the mutated complex.  
These two assays, in tandem, contribute strong evidence that the autoregulation is the 
cause of the defects seen in Figure 4. 
 
Overexpressing the Full Operon in Tandem Partially Rescues Fitness Defect 
Results 
The entirety of the ​E. coli ​L20, L10, and S6:S18 operons were then cloned into an 
L-arabinose-induced pBAD33 vector using the same protocol as before. The full L20 operon 
was also cloned to confirm that expression of proteins IF3 and Threonine-tRNA ligase, the 
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proteins encoded by ​infC​ and ​thrS​ respectively, are not also regulated by L20. All were 
performed in triplicate and plotted alongside overexpression of solely the autoregulatory 
r-protein, for comparison purposes. Results are shown in Figure 6 below. 
Overexpression of r-proteins L35 and L7/L12 in tandem with L20 and L10 respectively 
significantly rescued the growth defects of only overexpressing L20 or L10. L20+L35, in 
particular, almost fully rescued the phenotype, with a standardized doubling time of 1.15 versus 
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3.86. The additional expression of L9, in tandem with S6:S18, only slightly rescued the doubling 
time growth defect, but the lag phase was significantly shorter.  
The overexpression of the full L20 operon did not alter the extent to which the growth 
defect was rescued, with a standardized doubling time of 1.18 versus 1.15 when solely L35 was 
expressed in tandem. This seems to confirm previous results from Butler et al. (1986) and 
Guillier et al. (2002). 
 
Discussion 
These results amount more evidence that the overexpression is what is causing the 
fitness defect. If the overexpression is responsible for the fitness defect, artificially 
overexpressing a full working operon ought to compensate for the lack of the protein produced 
naturally due to the regulation. The results for L20+L35 and L10+L7/L12 are particularly salient, 
as both L20 and L10 defects were very significant and almost completely mitigated when the 
additional proteins on the operon were also overexpressed in tandem. 
Despite this, the rescue was only partial. None of the overexpressed rescue missions 
grew as well as overexpressed S15 or S2, when compared to their respective unexpressed 
cultures. This could potentially be explained due to stoichiometric reasons, however, and not act 
as evidence against the overexpression and consequent regulation causing the growth defect. 
Ribosomes in ​E. coli ​have been shown to contain one copy of each r-protein, aside from L7/L12, 
which contains four copies (Fu et al. 2013, Babitzke et al. 2009). If this balance is upset due to 
the overabundance of one particular r-protein, perhaps ribosomal assembly could be impeded. 
These results also confirmed that overexpression of specific potential regulator then 
overexpression of full operon could act as a quick means of testing potential regulatory proteins 
to get a rough estimate of the likelihood that they could act as regulators. 
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Comparison of L20, L10, and S7 Homologs 
Results 
In order to investigate the ability of r-protein homologs to regulate in ​E. coli​, ​Bacillus 
subtilis ​and ​Thermus thermophilus ​r-protein homologs for ​E. coli ​L20, L10, and S7 were cloned 
into the pBAD33 vector as specified in the Materials and Methods section. These proteins were 
chosen as they grew the slowest when overexpressed. Growth assays were performed in 
triplicate for each r-protein and average doubling times were calculated. ​B. subtilis​ L20 and L10 
and ​T. thermophilus ​S7 were each performed with additional culture from the onset, as specified 
in the Materials and Methods. 
Data is plotted in Figure 7 below. Protein sequences for each analog were compared to 
their respective ​E. coli ​variates using EMBOSS pairwise global alignment with a gap 
introduction penalty of 10 and a gap extension penalty of 0.5. The alignment scores and 
similarities are shown in Table I below. These alignments were used to compare potential 
homology through similarity. All proteins are compared to their respective ​E. coli​ homolog. 
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B. subtilis ​L20 and L10, in particular, were correlated with severe fitness defects, both 
more drastic than any of the overexpressed ​E. coli ​autoregulatory r-proteins. ​B. subtilis ​S7 
overexpression was still correlated with a high fitness defect, but it was less than half as severe 
as that of both ​Bacillus​ L20 and L10. ​T. thermophilus ​L20 and L10 were correlated with 
extremely mild fitness defects. ​T. thermophilus ​S7, when overexpressed, was correlated with a 
similar magnitude defect as the ​B. subtilis ​variant; both were less severe than when ​E. coli ​S7 
was overexpressed. 
 
Table I. ​Evolutionary Homolog Comparisons 
R-Protein Similarity (%) Score 
B. subtilis ​L20 76.5 360.0 
B. subtilis ​L10 54.5 254.0 
B. subtilis ​S7 67.0 491.0 
T. thermophilus ​L20 74.6 354.0 
T. thermophilus ​L10 54.9 220.5 
T. thermophilus ​S7 65.4 434.0 
 
Discussion 
As evidenced by Table I above, the ​B. subtilis ​protein variants were slightly closer to 
their respective ​E. coli ​variants than the ​T. thermophilus ​variants. The magnitude of the 
differences, however, do not seem to correlate with the severity of the respective defect when 
each protein is overexpressed. For instance, ​T. thermophilus ​and ​B. subtilis ​S7 homologs differ 
in similarity from ​E. coli ​S7 at approximately the same magnitude as their respective L20 
homologs’ difference in similarity, but, while the correlating fitness defects for S7 overexpression 
in both species are similar, ​B. subtilis ​L20 overexpression is correlated with a much more 
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detrimental effect to ​E. coli ​fitness than ​T. thermophilus ​L20 overexpression is. This suggests 
that the tertiary structure of each protein does not correlate well with the protein sequence, 
which is possible, that specific regions of homology matter more than others, or that the 
correlating difference is actual in the RNA binding region, not the r-protein. The second reason 
is perhaps most likely, as the entire protein is not necessary for regulation in ​E. coli ​L20, as 
mentioned in the Background Information (Guillier et al. 2005). More work needs to be done to 
thoroughly investigate these differences. 
While Fu et al. (2013) showed RNA/r-protein regulatory complexes to be narrowly 
distributed amongst different phyla, there are clearly detrimental fitness effects associated with 
overexpression of all ​B. subtilis ​protein variants and ​T. thermophilus ​S7. These defects do vary 
in magnitude, and are probably not due solely to potential regulation. For ​B. subtilis ​L20 and L10 
in particular, it is highly plausible that the defects could be due to L20 or L10 protein variants 
replacing their respective ​E. coli ​homologs within the ribosome, producing a less functional 
ribosome than normal. Furthermore, L10 was one of the RNA/r-protein complexes that was 
more widely distributed, and ​B. subtilis ​L20 has been shown as a plausible regulator in ​E. coli 
due to the homology in the regulatory C-terminal domain, despite the lack of homology in their 
respective binding RNAs, even though both involve 23S rRNA molecular mimicry (Guillier et al. 
2005, Burge et al. 2013, Choonee et al. 2007). This suggests that these two protein homologs 
are the most likely regulators in ​E. coli​. An interesting follow-up experiment that could potentially 
better discern the cause of the fitness defect would be repetition of the rescue missions from 
Figure 6 except with ​Bacillus ​protein homologs. 
T. thermophilus ​S7 has been shown to form complexes with ​E. coli ​16S rRNA and bind 
the upstream region of the ​str​ operon which ​E. coli ​S7 regulates, which suggests that ​Thermus 
S7 could likely regulate in ​E. coli ​(Spiridonova et al. 1998). This seems to correlate well with the 
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results seen in Figure 4B, as ​Thermus ​S7 was the only one of the three selected proteins that 
correlated with moderate fitness defect when overexpressed. ​T. thermophilus’ ​r-protein 
regulatory mechanisms are still under-researched - this data could be better analyzed once 
more data is available for reference. 
Conclusion 
Overexpression of ​E. coli ​autoregulatory r-proteins is correlated with fitness defects of 
varying magnitude that do not seem to strictly correlate with the number of essential proteins on 
the respective operon. Mutations in S6:S18 proteins rescued the fitness defect to varying 
degrees, as did overexpression of wild-type S6 mRNA in tandem with wild-type S6:S18. 
Overexpressing the entire operon simultaneously almost entirely rescued the fitness of L20 and 
L10 overexpression, which suggests that the fitness defect is potentially caused by the r-protein 
overexpression.  
B. subtilis ​L20 and L10 homologs were correlated with severe fitness defects when 
overexpressed in ​E. coli.​ ​T. thermophilus ​L20 and L10 homologs were correlated with minimal 
defects, but ​Thermus ​S7 overexpression was comparable to ​Bacillus ​S7 overexpression. 
 
Materials and Methods 
 
Cells and Media 
All assays were performed with competent ​Escherichia coli ​NCM534 cells ​[F−, 
Δ​(araD-araB)714​, Δ​(lacA-lacZ)880(::FRT)​, ​lacIp-4000(lacI​Q​)​, ​zah-2225::FRT​, λ​−​, 
Δ​araEp-532::FRT​,φ​P​cp18​araE533​, ​rph-1​] (​E. coli​ Genetic Stock Center, strain #: 8256)​ grown in 
Lysogeny Broth (LB) media. NCM534 strain was used because they do not consume 
L-arabinose, the sugar which was used to induce protein overexpression. Cells were plated on 
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LB, agar, and appropriate antibiotics (concentrations of 34 μg/mL for chloramphenicol (CHL) 
and 100 μg/mL for ampicillin). The media included 34 μL CHL. The overexpressed cultures for 
all assays included L-arabinose at 15 mM. The RNA rescue experiment, which involved an 
additional pBS3 plasmid, included 1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) for RNA 
induction. Stratagene XL-1 competent ​Escherichia coli ​cells were used for cloning purposes 
only. 
 
Plasmids 
The induction mechanism used to overexpress the autoregulatory proteins in all assays 
used pBAD33. It has a CHL selectable marker and L-arabinose-inducible promoter. An IPTG 
inducible plasmid was used to induce expression of S6 RNA (mutant or otherwise). It has an 
AMP selectable marker. 
Table I. ​Plasmids Used 
Plasmid Name Contains Source 
pBAD33 vector (Empty) pBAD33 with no insert Betty Slinger 
pBAD33+S15 pBAD33 and ​E. coli ​S15 Betty Slinger 
pBAD33+S6:S18 (and 
mutants) 
pBAD33 with named S6:S18 
related protein 
Arianne Babina 
pBAD33+r-protein pBAD33 with ​E. coli, B. subtilis, 
or ​T. thermophilus ​r-protein(s) 
This work 
S6 Wild-type RNA or S6 
M4 RNA 
S6 RNA (Wild-type or mutant) Arianne Babina 
 
Cloning of R-Proteins 
Cloning was performed by PCR amplification using primers with restriction sites at the 
end of both fragments that annealed to NCM ​E. coli ​DNA, HB8 ​T. thermophilus ​DNA, or ​B. 
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subtilis ​168 genomic DNA. All proteins were amplified with Taq DNA polymerase except S1, L20 
(the whole operon, including ​infC​ and ​thrS​ genes), and S6:S18+L9, which were amplified with 
Thermo Scientific Phusion DNA polymerase. Aside from ​T. thermophilus ​L10, the restriction 
sites used were SacI and XbaI. ​T. thermophilus ​L10 used KpnI and XbaI. Forward primers 
included Shine-Delgarno sequence upstream of the translation start site. PCR fragments were 
first Zymo purified and then cut appropriate restriction enzymes and subsequently Zymo purified 
again. pBAD33 vector was also cut with appropriate restriction enzymes and then gel-purified. 
Purified PCR fragments were then ligated into the cut vector using Quick Ligase and then 
transformed into XL-1 cells. Appropriate samples were mini-prepped from overnight cultures 
(37°C and 225 rpm) using QIAprep Miniprep Kit. Sequences were verified through Eton 
Biosciences. 
 
Table II. ​Primers Used for Single Protein ​E. coli ​Cloning 
Primer Primer Sequence Meyer Lab Stock 
ECS20FSacI CACGAGCTCAGGAGGTTTTAAAATGGCTAATATCAAATC
AGC 
1475 
ECS20RXbaI CAATCTAGATTAAGCCAGTTTGTTGATCTGTGC 1476 
ECS2FSacI CACGAGCTCAGGAGGTTTTAAAATGGCAACTGTTTCCA
TGCGCG 
1477 
ECS2RXbaI CAATCTAGATTACTCAGCTTCTACGAAGCTTTCTTCC 1478 
ECS1FSacI CACGAGCTCAGGAGGTTTTAAA 
ATGACTGAATCTTTTGCTCAACTCTTTGAAG 
1479 
ECS1RXbaI CAATCTAGATTACTCGCCTTTAGCTGCTTTGAAAGC 1480 
ECS4FSacI CACGAGCTCAGGAGGTTTTAAAATGGCAAGATATTTGG
GTCCTAAGCTC 
1481 
ECS4RXbaI CAATCTAGATTACTTGGAGTAAAGCTCGACGATCAG 1482 
ECS7FSacI CACGAGCTCAGGAGGTTTTAAAATGCCA 
CGTCGTCGCGTCATTG 
1483 
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ECS7RXbaI CAATCTAGATCAATTTAAGTAGCCCAAAGCGGGC 1484 
ECL1FSacI CACGAGCTCAGGAGGTTTTAAAATGGCTAAACTGACCA
AGCGCATG 
1485 
ECL1RXbaI CAATCTAGATTAGTTTACAGAAGCGCTCAGGCC 1486 
ECL20FSacI CACGAGCTCAGGAGGTTTTAAAATGGCTCGCGTAAAAC
GTGGTGTTATTG 
1487 
ECL20RXbaI CAATCTAGATTATGCCAGAGCTGCTTTCGCTTTTTCAAC
CAG 
1488 
ECL10FSacI CACGAGCTCAGGAGGTTTTAAAATGGCTTTAAATCTTCA
AGACAAACAAGCG 
1489 
ECL10RXbaI CAACTCTAGATTAAGCAGCTTCTTTCGCATCGCG 1490 
ECL9FSacI CACGAGCTCAGGAGGTTTTAAAATGCAAGTTATTCTG
CTTGATAAAGTAGCAAACC 
1473 
ECL9RXbaI CAATCTAGATTATTCAGCTACTACGTTTACGATCAC 1474 
ECL25FSacI CACGAGCTCAGGAGGTTTTAAAATGTTTACTATCAACGC
AGAAGTACGTAAAGA 
1558 
ECL25RXbaI CAATCTAGATTAAGCGCGAACGAAGTCGA 1559 
 
 
Table III. ​Primers Used for Multi-Protein ​E. coli ​Cloning 
Primer Primer Sequence Meyer Lab Stock 
ECL20RXbaI Listed in Table II - 
ECL35FSacI CACGAGCTCAGGAGGTTTTAAAATGCCAAAAATTAAGACCGTA
CGCGGTGC 
1636 
ECThrSFSacI CACGAGCTCAGGAGGTTTTAAAATGCCTGTTATAACTCTTCCT
GATGGCAGC 
1637 
ECL10FSacI Listed in Table II - 
ECL7RXbaI CAATCTAGATTATTTAACTTCAACTTCAGCGCCAGC 1628 
ECS6FSacI CAAGAGCTCAGGAGGTTTTAAAATGCGTCATTACGAAATCGTT
TTTATG 
629 
ECL9R Listed in Table II - 
 
Table IV. ​Primers Used in ​B. subtilis ​and ​T. thermophilus ​Cloning 
Primer Primer Sequence Template Meyer Stock 
Number 
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BSL10FSacI CACGAGCTCAGGAGGTTTTAAAATGAGCA
GCGCAATTGAAACAAAAAAAGTTGTTG 
Bacillus subtilis​ 168 
Genomic DNA 
1567 
BSL10RXbaI CAATCTAGATTAAGCGCCTTGTTCTTCCTTT
TGTTCTGCC 
“” 1568 
BSL20FSacI CACGAGCTCAGGAGGTTTTAAAATGCCAA
GAGTAAAAGGCGGAACTGTTACACG 
“” 1569 
BSL20RXbaI CAATCTAGATTACTTGTTTAATTGAGCTTTA
GCAGCATCAGC 
“” 1570 
BSS7FSacI CACGAGCTCAGGAGGTTTTAAAATGCCAC
GTAAAGGTCCTGTAGCAAAAAG 
“” 1571 
BSS7RXbaI CAATCTAGACTACCAGCGATAGTGAGCAAA
TGCTTTGTTTGC 
“” 1572 
TTL10F2KpnI CACGGTACCAGGAGGTTTTAAAGTGCCGA
ACAAGCGCAACGTTGAGC 
T. thermophilus ​HB8 
Genomic DNA 
1635 
TTL10R2XbaI CAATCTAGATTAAGCCGCCTTCTTCTCCGC
GTACG 
“” 1627 
TTL20F2SacI CACGAGCTCAGGAGGTTTTAAAATGCCGC
GCGCCAAGACCGG 
“” 1624 
TTL20R2XbaI CAATCTAGATTAGCCCTGGGCGGCCTTGG
C 
“” 1625 
TTS7FSacI CACGAGCTCAGGAGGTTTTAAAATGGCAC
GGAGAAGGAGAGC 
“” 1577 
TTS7R2XbaI CAATCTAGATCACCACCGGTAGTGGGC “” 1634 
 
Growth Assays 
E. coli ​NCM534 cells were transformed with one protein plasmid (and one RNA plasmid 
for the RNA rescue experiment). Cells were thawed from -80°C for 15 minutes on ice before 
adding 300 ng of each plasmid to the tube. Transformation mixtures were then incubated on ice 
for 5 minutes before a 30 minute long outgrowth (at 37°C and 225 rpm). Cells were then plated 
on LB+CHL plates (LB+CHL+AMP for the rescue experiment). 
Growth assays were used to assay and quantify possible fitness defects. Cultures were 
started from single colonies and split into two cohorts: with L-arabinose and without 
L-arabinose. The same culture was tested in each condition using separate test tubes, each 
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filled with 3 mL LB+CHL media (with or without L-arabinose). For the rescue mission, all 
cultures’ media included IPTG and AMP as well. Cultures were grown overnight at 37°C and 
225 rpm. All cultures from Figure 1, along with L4, S8, and S15 from Figure 2, were performed 
in duplicate. The rest were performed in triplicate. 
The following morning, cells were compared using their OD​600 ​and standardized based 
on the least dense culture. A 24-well plate was set up with approximately 10 μL culture and 490 
μL media per cell (10 μL for the least dense cells, the other cells used less culture and more 
media to total to 500 μL). ​E. coli ​L20, ​E. coli ​S1, ​Bacillus ​L20, ​Bacillus ​L10, and ​Thermus ​S7 all 
were standardized to 50 μL culture/450 μL media due to the lengthy lag phase. LB+CHL was 
used for all cells and L-arabinose was added to the cells that were grown in L-arabinose 
induction media overnight. The RNA rescue experiment included IPTG in the media as well. 
Plate was scanned using a SpectraMax M5 to calculate the OD​600​ at time 0 and then 
placed on shaker at 225 rpm in 37°C. Cells were scanned repeatedly throughout the day, 
recording the elapsed time and OD​600​ for each measurement, until growth leveled off. Data was 
analyzed in Microsoft Excel and the first culture from each set was plotted to represent the set. 
Doubling times were calculated for each culture by first using a natural log to transform the data 
at each point. Data was then plotted and the slope was calculated for each culture at the start of 
log phase; taking the inverse of this slope yielded the doubling time. The average doubling time 
and standard deviation were calculated for each set of cultures. The standardized doubling time 
and percent max were then calculated based on the average doubling time as shown in the 
Results section. 
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Figure 2. Fu, Deiorio-Haggar, Soo, and Meyer 2013. “FIGURE 1. Ribosomal protein gene 
organization in ​E. coli​: Gene names are given below each arrow, and protein names for 
ribosomal proteins (r-proteins) are given above each arrow.” 
 
Figure 3: Shajani, Sykes, and Williamson 2011. “Figure 2 ​(a) ​The Nomura assembly map 
depicts thermodynamic protein binding dependencies in the 30S subunit. ​(b) ​The Nomura 
assembly map depicts thermodynamic protein binding dependencies in the 50S subunit 
 
 
 
 
